There is evidence that cholesterol in the brain plays an important role in the neurotransmitter release. A decrease of the cholesterol level severely hampers the activity of the membrane fusion machinery, thereby inhibiting the release. Meanwhile, the results from several clinical studies suggest that a low cholesterol level is linked to the dysfunction of some brain activities. Because the neurotransmitter release underlies the basic brain function, the combined results lead to a testable hypothesis that the cholesterol-lowering drugs may inhibit the neurotransmitter release at the synapse. Such inhibition of the release could result in impaired brain function for a limited group of people. A molecular basis for the hypothesis is discussed.
SYNOPSIS
There is evidence that cholesterol in the brain plays an important role in the neurotransmitter release. A decrease of the cholesterol level severely hampers the activity of the membrane fusion machinery, thereby inhibiting the release. Meanwhile, the results from several clinical studies suggest that a low cholesterol level is linked to the dysfunction of some brain activities. Because the neurotransmitter release underlies the basic brain function, the combined results lead to a testable hypothesis that the cholesterol-lowering drugs may inhibit the neurotransmitter release at the synapse. Such inhibition of the release could result in impaired brain function for a limited group of people. A molecular basis for the hypothesis is discussed. Page 2 of 3 Ten years ago, in 1999, BBC News reported three alarming and provocative stories on the impact of a low cholesterol level on brain function. The first story featured a large-scale 8 year-long Finnish study surveying almost 30,000 people, which revealed a strong tie between low blood cholesterol and depression and suicide (Partonen et al., 1999) . The next two stories covered relatively smaller scale studies, one from Duke University and the other from Dublin, connecting the low cholesterol level to depression and dangerous behaviors, respectively (Suarez, 1999; http://news.bbc.co.uk/2/hi/health/381699.stm/) .
The neurotransmitter release at the synapses underlies fundamental brain activities such as cognition, emotion, and memory. It is therefore natural to speculate that the neurotransmitter release depends on the cholesterol level in the brain. A low cholesterol level may alter the pattern of the release, which in turn perturbs the brain activities to the extent that it could lead to behavioral dysfunction, depression, suicide, and memory loss.
In a cellular level, the neurotransmitter release requires the fusion of synaptic vesicles to the presynaptic plasma membrane (Figure 1 , left panel). Membrane fusion opens a passage for the neurotransmitters to be secreted to the synaptic cleft. Membrane fusion is an energy consuming process which accompanies extensive remodeling of two apposing membranes. A specialized protein machine must provide the energy required for membrane fusion. In a molecular level, the membrane fusion machinery at the synapse is a complex entity composed of many mutually interacting proteins. Among those, it is widely believed that the SNARE complex is the central component of the fusion machinery (Figure 1 , right panel) (Weber et al., 1998) . The release must happen in a submilisecond time scale in response to the electric signal, called the action potential. To accomplish such fast release, membrane fusion at the synapse is exquisitely controlled by the orchestrated inputs from the regulatory factors to the SNARE complex (Jahn and Scheller, 2006) .
The supposition that the neurotransmitter release depend critically on cholesterol could be tested by lowering the cholesterol content in the neuronal membranes. This can be achieved by treating the neuron with β-cyclodextrin (Lang et al., 2001) . This compound can extract cholesterol from cell membrane effectively, although it is incapable of extracting a desired amount of cholesterol from a selected membrane. Nevertheless, these in vivo studies support the idea that cholesterol plays an important role for the release. Alternatively, the supposition was tested in a better defined in vitro setting using a reconstituted fusion system (Tong et al., 2009 ). This in vitro study showed that deprivation of cholesterol from the membrane reduced the fusion activity of the SNARE fusion machinery by as much as five times. Putting together, the results from both in vivo and in vitro studies unambiguously demonstrated that cholesterol depletion causes severe inhibition of synaptic membrane fusion, thereby decreasing the neurotransmitter release.
In a molecular level, cholesterol can affect synaptic membrane fusion in a number of different ways. Firstly, cholesterol is proposed to form laterally separated membrane domains called 'rafts', in cooperation with another brain lipid sphingolipid. The rafts could play a role in driving the clustering of SNAREs into a specific membrane site (Salaun et al., 2005) , which may be necessary for productive fusion. However, the evidence for the rafts in native cell membranes has not been found yet, despite they are frequently detected in model membranes. An alternative scenario is the size of the rafts might be too small to be detected with modern biophysical tools. Secondly, it is shown that cholesterol induces the clustering of the SNARE proteins by promoting self-assembly of the proteins without the rafts (Lang et al., 2001) . The clustering of SNAREs is thought to be helpful for docking and fusion of vesicles. Thirdly, due to its unique inverse wedge-like molecular shape, cholesterol is thought to play a role in membrane fusion which involved curving and bending of the bilayers. For example, it is shown that cholesterol acts as a stimulator for the expansion of the fusion pore by destabilizing highly curved small pore (Biswas et al., 2008) . Finally, a recent EPR study revealed that cholesterol promotes the conformational change of the transmembrane domain of a SNARE to be favorable for membrane fusion. It is also shown that the direct modulation of the SNARE structure by cholesterol is a dominant contributor to the boosted activity of the SNARE fusion machine. The brain is highly enriched in cholesterol: As much as one quarter of total bodily cholesterol is located in the brain despite the brain-to-body mass ratio is only a few percent. In the neuron, cholesterol makes up nearly 40 percent of total lipids of the cellular membranes (Takamori et al., 2006) . How does brain maintain such a high cholesterol level against the much lower blood cholesterol level? Cholesterol carried by low density lipoprotein (LDL) in the circulation cannot pass through the blood-brain barrier. This blockage may work favorably for the non-equilibrium enrichment of cholesterol in the brain. Brain cholesterol is synthesized locally in glial cells and fed directly to the neuronal cell membranes (Vance, et al., 2005) . As blood cholesterol does in the liver, brain cholesterol also turns over and it is excreted from the brain in several forms of hydroxylcholesterol (Bjorkhem et al., 2001) . The delicate balance between synthesis and excretion is necessary to maintain a steady-state high cholesterol level in the brain.
How tolerable is the neurotransmitter release at the synapse to the reduced cholesterol content in neuronal cell membranes? The data that might help answer this question is almost non-existent. However, a recent in vitro study gives some idea on this important question: full 40 mole percent of cholesterol is required to maintain the high level activity of the membrane fusion machinery (Chang et al., 2009) . The activity drops very quickly when cholesterol is decreased below the high natural level. This limited data suggests that the high cholesterol content in the neuronal membrane is crucial for the proper release of the neurotransmitter at the synapse.
Paradoxically, however, high blood cholesterol in the body is believed to be the primary cause of atherosclerosis and heart diseases. Public awareness of the benefit of lowering blood cholesterol has driven the widespread use of statin drugs. Statins cut cholesterol synthesis by blocking hydroxy-methylglutarylcoenzyme A reductase. Statins can go across the blood-brain barrier. Thus, we hypothesize that statins not only block the synthesis of bodily cholesterol in the liver, but they also block cholesterol synthesis in the brain in the same way. We believe that the statin use could decrease the cholesterol level in the neuronal membranes below the level required for the full activity of the membrane fusion machinery, whereby reducing the neurotransmitter release. Inhibition of the release could influence the brain functions such as cognition, emotion, decision making, and memory for a limited group of people. A recent study from University of California, San Diego supports our hypothesis (http://www.statineffcts.com/info/). This new study documented the link between statins and the reversible cognitive and memory problems.
For healthy brains of most people, inhibition of cholesterol synthesis by the statin use could be balanced by the reduction of cholesterol turnover by a yet unknown mechanism. Such counterbalance could help maintain the necessary steady-state cholesterol level in the brain. Further investigations are certainly necessary to understand such mechanisms related to cholesterol. On other note, the most common side effect of statins is the muscle pain. We speculate that this might be due partly to the impaired fusion machinery under the reduced cholesterol level at the nerve terminal.
Ten years after the three alarming BBC reports on the danger of the low cholesterol level it is now almost ubiquitously believed that benefits of lowering the blood cholesterol level outweighs the side effects of statins significantly. However, recent biochemical and clinical results suggest that the prevailing public notion must be reassessed even if the present hypothesis may apply only to the limited cases.
